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In vitro generation of dysmorphic erythrocytes. In hematuria, dysmor-
phic red blood cells found in the urine sediment are known to indicate
glomerular origin of bleeding. To better understand the mechanisms
which might cause the typical membrane changes in dysmorphie
erythrocytes in vivo, we have exposed normal human erythrocytes in
vitro to an osmotic and enzymatic environment similar to that of the
nephron. In addition, treated or untreated erythrocytes were exposed to
a hemolytic environment. The morphology of the cells was evaluated by
light and electron microscopy in comparison of that of dysmorphic
erythrocytes obtained in vivo. Neither the passage of erythrocytes in
sequence through various solutions each simulating the tubule fluid in a
different part of the nephron, nor exposure to urinary or renal enzymes
or to serum per se causes the typical membrane alterations. Upon
exposure of passaged erythrocytes to a hemolytic environment, how-
ever, 50 to 90% of the cells become dysmorphic in a time and dose
dependent fashion. By light and electron microscopy these dysmorphic
erythrocytes obtained in vitro are indistinguishable from those obtained
in vivo. In contrast, non-passaged red blood cells are not affected by the
same hemolytic environment. We conclude that osmotically challenged
erythrocytes exposed to a hemolytic environment develop dysmorphic
membrane alterations.
Glomerular and non-glomerular origin of hematuria can be
differentiated by analysis of the morphology of the erythrocytes
in the urinary sediment. The appearance of "dysmorphic eryth-
rocytes" which exhibit typical irregular membrane changes
such as vesicle-shaped protrusions and membrane defects [1—
31, among other alterations [4], indicates glomerular origin of
bleeding. Originally described by Birch and Fairley [2, 5] this
relationship has been confirmed by numerous clinical studies [1,
4, 6, 7]. In contrast, eumorphic erythrocytes in urinary sedi-
ment with uniform, smooth, unchanged membranes originate
from a postrenal bleeding source such as bladder tumors or
nephrolithiasis [2, 61.
Since dysmorphic erythrocytes are unique for a glomerular
origin of hematuria, three hypotheses have been proposed for
the mechanism causing their typical membrane changes: me-
chanical damage upon squeezing of erythrocytes through the
glomerular filter into the tubular system [6]; exposure to the
dynamic changes of the osmotic [1, 3, 81 or enzymatic environ-
ment [1] when filtered erythrocytes pass through the tubular
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system; finally, a combination of these mechanisms. To our
knowledge, none of these hypotheses have been proven or
rejected on the basis of experimental studies. Therefore, to
identify conditions causing membrane changes similar or iden-
tical to those of dysmorphic erythrocytes, we have exposed
normal red blood cells in vitro to an osmotic and enzymatic
environment similar to that within the nephron. The morphol-
ogy of these cells was compared to that of dysmorphic eryth-
rocytes obtained in vivo.
Methods
Materials
All reagents were of the purest grade available (E. Merck,
Darmstadt, FRG). Dialysis tubing (15000 molecular weight
cutoff) was obtained from Union Carbide Corp. (Chicago,
Illinois, USA). The concentration of hemoglobin was deter-
mined with the Merckotest (E. Merck). Washed erythrocytes,
erythrocyte concentrates and randomly taken whole blood were
obtained freshly from the Red Cross of Vienna. The results
obtained with cells of either origin were uniform and identical.
Erythrocytes were also obtained from the urine sediment of a
20-year-old patient with hematuria of confirmed glomerular
origin, who gave informed consent. Freshly voided urine sam-
ples were collected from 46 patients with hematuria of glomer-
ular origin.
Experimental procedures
Exposure of erythrocytes to and passage through solutions
simulating the osmotic environment in the nephron (N = 8). To
simulate the electrolyte and osmotic environment of the dif-
ferent parts of the nephron, solutions were prepared represent-
ing the glomerular filtrate (solution 1) [9, 10], the proximal
tubular fluid (solution 2) [9, 11—131, the loop of Henle's fluid
(solution 3) [9, 14, 15], the early distal tubule fluid (solution 4)
[9, 13, 16, 17], the late distal tubule fluid (solution 5) [9, 13, 18,
191 and the collecting duct fluid (solution 6) [9, 20, 21]. The
composition of the solutions is given in Table 1. The correct
concentrations of the respective electrolytes and osmolalities of
all solutions were checked routinely.
Erythrocytes (2 tl of settled volume, 7.6 x 106 cells per il)
were suspended in 3 ml of solution 1 and incubated for 3, 5, 10
and 15 minutes, respectively, in a shaking water bath at 37°C
(Gyrotory water bath shaker, Mod. G76, New Brunswick
Scientific, Edison, New Jersey, USA). At the end of the
respective incubation period the solution was centrifuged (Sor-
72
Schramek et a!: Dysmorphic erythrocytes generated in vitro 73
Table 1. Composition of solutions simulating different parts of the nephron
Solution 1 2 3 4 5 6
mi
K, mM
Cl, mM
HC03, mM
mM
mi
S04, mM
PO4, mzi
Urea, mM
Glucose, mg/rn!
mOsmol/liter
pH
135.5
3.8
108.0
28.4
1.25
0.75
0.5
2.5
—
1.0
290
7.4
135.3
3.6
130.0
8.0
1.5
1.125
—
1.4
12.5
1.0
290
6.7
282.0
13.6
208.0
21.0
1.17
0.45
—
1.3
180.0
—
700
6.7
12.0
0.9
9.0
4.0
0.2
0.37
—
—
40.0
—
70
6.6
50.0
5.0
45.0
6.0
0.2
0.37
—
—
65.0
—
220
6.6
118.5
45.6
118.0
2.5
—
—
—
—
400.0
—
700
5.8
Solutions were prepared in order to simulate the composition of the glomerular filtrate (solution 1), the proximal tubule fluid (solution 2), the loop
of Henle's fluid (solution 3), the early distal tubule fluid (solution 4), the late distal tubule fluid (solution 5) and the collecting duct fluid (solution
6).
vail GLC-2, Dupont Instruments, Newtown, Connecticut,
USA) at 1000 rpm (183 x g) for 10 minutes at room temperature
and the supernatant was removed. The erythrocytes were
resuspended in 3 ml of solution 2 and incubated accordingly. By
repeating this cycle of suspension, incubation, centrifugation,
and resuspension in the next solution, the erythrocytes were
passed on through all solutions, incubated in each for the same
time periods. After the last incubation in solution 6 these
"passaged erythrocytes" were stained and examined in the
bright field microscope as described below. Identical incubation
experiments performed with physiological saline and run in
parallel served as controls ("non-passaged erythrocytes").
Exposure of erythrocytes to renal and urinary enzymes (N
12). Five p1 settled volume of non-passaged erythrocytes and of
passaged erythrocytes (erythrocytes passed on through all six
solutions as described above, incubated in each for 10 mm)
suspended in 3 ml of solution 6 were incubated at 37°C with and
without (control) addition of 50 .d (0.157 g) of the following
purified enzymes: human urokinase [22], human urinary kal-
likrein [23], and pepsin (E. Merck). These enzymes are known
to be excreted into the urine [22, 24]. Similarly, renal brush
border membrane vesicles (50 p1), a well known source of
peptidases [25] or the respective buffer (control) were added to
passaged erythrocytes. Brush border membrane vesicles
(BBMV) from isolated rat kidney cortex (12.3 g protein/mi,
dissolved in 300 mM Mannitol, 20 m Hepes, in Tris-HCI-
buffer, pH 7.4), prepared according to Biber et al [26] were
provided by Prof. Murer of the University of Zurich. After
incubation under continuous shaking for 10, 30, 60 and 120
minutes aliquots of 500 p1 were taken out, erythrocytes were
stained and examined in the microscope.
Exposure of erythrocytes to serum (N = 4). Similar to the
experiments with renal and urinary enzymes, passaged and
non..passaged erythrocytes were incubated at 37°C as above but
normal human serum was added to give a final concentration of
10%.
Exposure of erythrocytes to a hemolytic environment (N =
70). Since dysmorphic erythrocytes developed only under con-
ditions where also gradual hemolysis was seen, the effect of a
hemolytic environment on erythrocytes was evaluated. Fresh
erythrocytes suspended in solution 6 (1, 2, 5 and 10 1d settled
volume in 6 ml or multiples thereof) were frozen at —70°C,
thawed and centrifuged at 3000 rpm (1650 x g) for 30 minutes.
The resulting hemolytic supernatants (hemoglobin concentra-
tion 3.6 1.2, 8.5 1.8, 21.0 1.1 and 31.3 2.4mg per 100
ml, respectively) equivalent to 1.2 x 106 to 1.2 x iO lysed
erythrocytes per ml were used in subsequent experiments.
Passaged erythrocytes and non-passaged erythrocytes (5 p1 of
settled volume) were suspended in 3 ml of the hemolytic
supernatants or in solution 6 (control) and incubated at 37°C.
After 10, 30, 60 and 120 minutes of incubation, 500 p1 aliquots
were taken out for microscopic analysis of erythrocytes.
Light microscopy. Erythrocytes were stained using Kristall-
violett, Safranin 0 and ammonium oxaiate in ethanol and
transferred to a plastic slide chamber (25, MD-Kova System',
Madaus Diagnostika, Cologne, FRG). The microscopic exami-
nation was performed with a Fluorvar microscope (Reichert,
Vienna, Austria) using a magnification of 400 times [27]. In each
single experiment at least 100 erythrocytes were screened. The
erythrocytes were counted by three independent investigators,
two of whom were not informed of the particular experiment,
and the percentage of dysmorphic erythrocytes was calculated.
Distorted erythrocytes with irregular membranes, and with
variations in size and shape such as bulbous or pointed projec-
tions [1, 6, 27] were classified as dysmorphic.
Scanning electron microscopy. Brythrocytes (5 p1 settled
volume in 3 ml of solution 6) were fixed for 20 minutes by
addition of the same volume of 0.25% glutaraldehyde in 0.16 M
cacodylate buffer, pH 7.4. Subsequently the samples were
centrifuged at 730 x g for 10 minutes at room temperature. The
supernatant was discarded and some drops of the sedimented
erythrocytes were resuspended in 0.053 M cacodylate buffer,
pH 7.4, containing 2% glutaraldehyde. Following fixation for 30
minutes, the samples were centrifuged for 10 minutes at 1650 x
g at room temperature. The supernatant was discarded and the
sediment was washed twice in 0.053 M cacodylate buffer.
Thereafter, a suspension of erythrocytes was layered on coy-
erslips (9 mm diameter) coated with 10% (wt/vol) poly-L-Iysine
(molecular wt = 60,000; Sigma Chemical Co., St. Louis,
Missouri, USA) and allowed to settle in a humidified chamber
for 12 hours at 4°C. Subsequently, the specimens were dehy-
drated in an ascending series of acetone, critical point dried in
liquid CO2 in a CPD 020 Balzers Union apparatus (Balzers
Union AG, Liechtenstein), mounted on aluminium stubs,
Fig. 1. Time and dose dependent development of dysmorphic erythro-
cytes. Passaged erythrocytes were incubated with hemolytic superna-
tants prepared from 1 (I-I), 2 (0-0), 5 (A-s) or 10 p1 (D-LJ) of
erythrocytes for 10 to 120 mm at 37°C. Passaged erythrocytes incubated
in solution 6 without addition of a hemolytic supernatant served as
controls (*-*). One typical experiment Out of five is shown.
coated with a 20 nm layer of gold in a SCD 030 Balzers Union
Sputter coater (Baizers Union AG, Liechtenstein) and exam-
ined with a Cambridge 90 scanning electron microscope (Cam-
bridge instruments, UK) at an accelerating voltage of 25 kV.
Erythrocytes obtained from the patient with hematuria of
glomerular origin were fixed and analyzed similarly for compar-
ison.
Statistical evaluation. Results obtained upon microscopic
examination of red blood cells from experiments and controls,
respectively, were combined and are expressed as means
SEM. Statistical differences were evaluated using the Wilco-
xon's test for independent observations [28] and calculated on
an FCM-Computer program. Significance was assumed at P
values of less than 0.05.
Results
Effect of changes in the osmotic environment on erythrocytes
Erythrocytes incubated in and passed through all six solu-
tions showed no major abnormalities. Similarly, control eryth-
rocytes were not affected by incubation in physiological saline.
Effect of renal and urinary enzymes on erythrocytes
After incubation of passaged and non-passaged erythrocytes
in solution 6 with either one of the enzymes or the BBMV for 10
or 30 minutes, no change in erythrocyte morphology was seen.
Upon prolonged incubation for 60 and 120 minutes, however,
dysmorphic membranes were seen in up to 30% of passaged
erythrocytes but not in non-passaged red blood cells. In control
experiments incubated for the same prolonged time periods but
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Fig. 2. Time dependent development of dysmorphic erythrocytes. Pas-
saged erythrocytes were incubated in the hemolytic supernatant pre-
pared from 5 p1 of erythrocytes with (A-A, N = 10) and without (L-,
N = 9) prior dialysis. The asterisks indicate significant differences (* P
<0.05, ** P < 0.001).
without enzymes the same percentage of dysmorphic erythro-
cytes was observed in passaged erythrocytes only. In addition
to the appearance of dysmorphic erythrocytes, gradual he-
molysis occurred with time in both experimental samples and
controls of passaged erythrocytes. In contrast, when solution 4
(70 mOsmol/liter, Table 1) was omitted from the sequence,
hemolysis and dysmorphic red blood cells did not develop.
Exposure of erythrocytes to serum
When passaged and non-passaged erythrocytes were exposed
to 10% normal human serum, the results were similar to those
obtained in the presence of renal and urinary enzymes. In
particular, the percentage of dysmorphic cells found upon
passaged erythrocytes was similar and hemolysis occurred with
time in both experimental samples and controls.
Exposure of erythrocytes to a hemolytic environment
Exposure of passaged erythrocytes to the hemolytic super-
natants resulted in erythrocytes with dysmorphic membrane
changes (Figs. 1 and 2). The percentage of dysmorphic eryth-
rocytes was dose dependent on the amount of erythrocytes
employed for the preparation of the respective hemolytic su-
pernatants (Fig. 1) and increased significantly with the length of
incubation (Fig. 2). In contrast, non-passaged erythrocytes
remained completely intact and eumorphic despite incubation
with the hemolytic supernatants. When passaged erythrocytes
remained in solution 6 without addition of a hemolytic super-
natant, some hemolysis occurred with time (hemoglobin con-
centrations less than 1 mg per 100 ml after 120 mm of incuba-
tion) and up to 30% of the erythrocytes exhibited dysmorphic
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concentration of hemoglobin was related to the amount of
dysmorphic red blood cells counted in their urine sediment [7,
271, a significant positive correlation (P < 0.001) was found
(Fig. 5).
Discussion
Fig. 3. Dysmorphic erythrocyte developed in vitro. Scanning electron
microscopy (original magnification 12,000-fold) of a single erythrocyte
obtained in vitro after passage through all solutions and incubation in
the hemolytic supernatant (prepared from 5 bd of erythrocytes) for 60
mm. Dysmorphic membrane changes are seen with blisters in the center
of the cell and pseudopodia-like projections.
membrane changes (control in Fig. 1). When solution 6 was
renewed every ten minutes, only a small amount of passaged
erythrocytes became dysmorphic (less than 10%: not shown).
Dialysis of the hemolytic supernatant prepared from 5 sl of
red blood cells against solution 6 before incubation with pas-
saged erythrocytes reduced the development of dysmorphic
membrane changes by approximately 30% in comparison to
experiments without dialysis (Fig. 2). Heat treatment of the
hemolytic supernatant (58°C for 60 mm and 100°C for 15 mm) or
acidification to pH 2 followed by dialysis did not affect the
development of dysmorphic cells.
Scanning electron microscopy
Passaged erythrocytes obtained in vitro after exposure to the
hemolytic supernatant (prepared from S 1.d of settled erythro-
cytes) were analyzed by scanning electron microscopy. The
morphology of the cells was heterogenous, showing various
forms of erythrocytes: eumorphic discoid erythrocytes with
smooth cell membranes, normal in shape and size; further,
erythrocytes with membrane alterations such as bulbous pro-
trusions from the surface and blisters in the center of the red
cell (Fig. 3). These membrane alterations were compared to
those seen on typical dysmorphic erythrocytes obtained in vivo
from a patient suffering from dysmorphic erythrocyturia of
confirmed glomerular origin (Fig. 4). The membrane alterations
were found to be similar.
Concentration of hemoglobin in the urine of patients with
hematuria of glomerular origin
The hemoglobin concentration in freshly voided urine sam-
ples of 46 patients with hematuria of glomerular origin was
found to vary between 0 and 9.4 mg per 100 ml. When the
In this study we have for the first time identified conditions
which cause the development of erythrocyte membrane
changes in vitro similar or identical to those of urinary dysmor-
phic erythrocytes found in vivo. The phenomenon that dysmor-
phic erythrocytes in the urine sediment indicate glomerular
origin of bleeding, while eumorphic erythrocytes in the sedi-
ment indicate a postrenal bleeding source, is an important aid
for an early and convenient diagnosis of the pathogenesis of
hematuria [2, 6, 291. However, its clinical application is based
on empirical findings only [1, 4, 6, 7]. Although a variety of
factors are known to influence erythrocyte morphology [re-
viewed in 301, comparative experimental data reproducing
dysmorphic erythrocytes in vitro are lacking.
Neither the passage of erythrocytes in sequence through
various solutions, each simulating the tubular fluid in a different
part of the nephron, nor exposure to urinary or renal enzymes
or to serum per se caused the typical membrane alterations. The
results of experimental and control samples suggested, how-
ever, that dysmorphic membranes develop only in passaged
erythrocytes. In addition, the release of a substance during
hemolysis might affect other erythrocytes, resulting in the
development of dysmorphic membrane changes. Therefore, we
lysed normal erythrocytes to obtain a hemolytic supernatant for
analysis of its effect on the morphology of both passaged and
non-passaged erythrocytes. Upon incubation of passaged eryth-
rocytes with this supernatant a time and dose dependent
increase in dysmorphic membrane changes was seen (Fig. 1).
When passaged erythrocytes remained in the control solution
without renewal, hemolysis occurred also and some dysmor-
phic erythrocytes were found. In contrast, when solution 6 was
replaced by a fresh one every ten minutes, hemolysis was
negligible and little dysmorphic membrane changes could be
seen. These data again suggest a relationship between the
development of hemolysis and the appearance of dysmorphic
erythrocytes. In contrast, non-passaged erythrocytes were not
affected by the hemolytic supernatant, indicating that exposure
of erythrocytes to the various osmotic environments is a
prerequisite for the dysmorphic membrane changes to occur.
The membrane changes of erythrocytes developed in vitro
(Fig. 3) were compared to those observed in vivo (Fig. 4). It is
evident that the membrane alterations are comparable and
typical for those found in hematuria of glomerular origin [3].
Our experiments, therefore, show that a hemolytic environment
induced typical dysmorphic membranes changes in a time and
dose dependent manner in previously osmotically sensitized
erythrocytes. A similar situation may occur also in vivo,
whenever erythrocytes enter the tubular system. Upon their
passage through the nephron and its osmotic environments,
some erythrocytes could lyse in particular upon exposure to the
hypotonic early distal tubule fluid [31], releasing their cytoplas-
ma, This in turn could affect other erythrocytes resulting with
time in the development of dysmorphic membrane changes and
excretion of dysmorphic erythrocytes in the urine. This hypoth-
esis is supported by results of a clinical study [8]. These authors
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Fig. 4. Dysmorphic erythrocyte found in vivo.
Scanning electron microscopy (original
magnification 12,000-fold) of a dysmorphic
erythrocyte with massive alterations of shape and
surface obtained from the urine of a 20-year-old
man with persistent glomerular hematuria.
observed a marked reversible decrease in dysmorphic erythro-
cytes in patients following water or furosemide induced diure-
sis. Both procedures are known to reduce contact time with
increased urine flow and to increase distal tubule fluid osmolal-
ity [8, 321. Although our lysate might seem to be generated from
more erythrocytes than would be present in the glomerular
filtrate of many patients with hematuria in whom the number of
red cells in urine varies from 500 to 1000 per ml to gross
hematuria, our finding that free hemoglobin was present in
freshly voided urines of 46 patients with hematuria of glomer-
ular origin adds further support to our hypothesis. In fact, the
hemoglobin concentration measured in these urine samples is
comparable to that measures in the hemolytic supernatant
prepared from 1 to 2 d of settled erythrocytes. Moreover, a
significant positive correlation exists between the hemoglobin
concentration and the amount of dysmorphic red blood cells
excreted (Fig. 5). Although this positive correlation does not
prove a causative relationship it further strengthens our hypoth-
esis. In addition, the number of red cells per ml of glomerular
filtrate in these patients is unknown and the flow conditions of
the nephron would influence the concentration of any lysate and
the duration of its proximity to intact red cells.
However, the limitations of the present study should be
pointed out. The environment of a red cell as it passes through
the glomerular basement membrane and along the nephron is
dynamic, complex and difficult to reproduce in a static test tube
model. The observed shape change in glomerular hematuria
may well be from an interplay of factors resulting from the
concurrent exposure of the red cells to unusual shear stresses
upon passing through the glomerulus, osmotic stresses and the
foreign cell surface components of the nephron. To examine
one of these factors in the absence of the others may oversim-
plify the in vivo events. These important factors are difficult to
take into account in this in vitro model.
Various alterations of erythrocyte membranes have been
reported which can be induced by fatty acids, bile acids or
lysolecithin [301 or by the generation of free oxygen radicals
[33]. In addition to oxidation of the membrane lipids, other
specific cellular events result from oxygen radicals, particularly
a decrease in ATP levels [34], which is known to result in a
shape change of the erythrocytes [301. From preliminary exper-
iments so far, however, we know that the intrinsic factor
present in the lysate is heat resistant and acid stable. It is
partially dialyzable and not inhibited by protease inhibitors or a
cyclooxygenase inhibitor (unpublished) suggesting that it is
probably not a protein or an arachidonic acid derivative.
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Fig. 5. Relationship between the amount of dysmorp/iic erythrocytes
excreted and hemoglobin concentration in freshly voided urines of 46
patients with hematuria of glomerular origin. Correlation was calcu-
lated by least squares analysis (r = 0.61) and significance was examined
in a two-tailed manner (P < 0.001). Y = 0.038x + 2.11.
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In conclusion, we have been able to produce dysmorphic
erythrocytes in vitro. Exposure of normal human erythrocytes
to solutions of different osmolalities similar to those of different
parts of the nephron is a prerequisite and causes partial lysis of
the cells. If these previously sensitized erythrocytes are ex-
posed to a hemolytic environment represented by a red cell
lysate, they develop the typical membrane changes of dysmor-
phic erythrocytes. These results suggest the presence of an
intrinsic causative factor released from lysed erythrocytes.
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